Titanium dioxide is a commercially important white pigment. It has a high refractive index, is easily dispersed into a variety of matrices, and is inert during processing and throughout product life (1) . It is primarily used as a whitening and opacifying agent in paints, varnishes, lacquers, paper, plastics, ceramics, rubber, and printing ink.
Although occupational exposure to titanium dioxide is extensive, there are few data on the levels and sources of exposure (2) , and the data available in the literature are often reported as total dust or nuisance dust and not as titanium dioxide. In 1972, the concentrations of titanium dioxide dust measured during the grinding of the pigment were reported to be in the range 10-400 mg/m 3 (3) . Long-term exposures to titanium dioxide dust in a titanium pigment production factory occasionally exceeded 10 mg/m 3 , while exposures greater than 10 mg/m 3 were common during the repair of production machinery (4) . More recently, it has been reported that a facility manufacturing titanium dioxide had measurements of total respirable dust in the range of 3-10 mg/m 3 during the grinding of the finished product and up to 330 mg/m 3 in the bagging area (5). Paint-spraying operations entail lower exposure levels. With good ventilation, paint mist levels can generally be controlled to below 10 mg/m 3 , except in enclosed spaces such as vehicle interiors (6) . Given that titanium dioxide is generally present in paints in proportions varying between 10% and 20% (7), titanium dioxide levels are probably below 2 mg/m 3 during most spray paint operations. Nevertheless, spray painting in closed spaces without protection has been shown to lead to the inhalation of high concentrations of titanium (8) . Exposure to the rutile coating of rods used in shielded metal arc welding produces low levels of exposure to titanium dioxide, but in fume form instead of as dust (9) .
In 1989, the International Agency for Research on Cancer (IARC) evaluated titanium dioxide in its monograph program. The conclusion was that there was inadequate evidence for its carcinogenicity in humans and limited evidence for carcinogenicity in experimental animals. The overall evaluation was that titanium dioxide was not classifiable as to its carcinogenicity in humans (group 3) (10).
We have previously reported summary results of a population-based case-referent study from Montreal, Canada, in which we estimated exposure to a large set of agents and mixtures, one of which was titanium dioxide (11) . When cases of other cancers were used as the reference, ever exposure to titanium dioxide was not associated with an increased risk of lung cancer [odds ratio (OR) 1.0, 90% confidence interval (90% CI) 0.7-1.5]. However, when exposure to medium or high concentrations and an exposure frequency of at least 5 years and occurring at least 5 years before the interview was considered, the odds ratio for lung cancer was 2.0 (90% CI 0.6-7.4). These figures are among the few data available in the literature on human cancer risk as a result of titanium dioxide exposure. However, considering the relative importance of this agent, it has become pertinent to review our data and carry out more-detailed analyses. New industrial hygiene data have become available since the mid-1980s, when our initial exposure assessments were carried out. In addition, the initial exposure assessments of titanium dioxide were carried out in the context of a simultaneous assessment of 293 substances, and the opportunity for focusing on titanium dioxide was reduced. Consequently, we decided to review the assessments of exposure to titanium dioxide and other titanium compounds. Furthermore, a more-refined statistical analysis was carried out that focused on the relationship between titanium dioxide and lung cancer.
Subjects and methods
A case-referent study was conducted during 1979-1985 in Montreal. The subjects comprised histologically confirmed cases of 19 types of cancer among men aged 35-70 years and diagnosed in all large hospitals in the study area, as well as a sample of the population selected from electoral rolls and by random digit dialing. Interviews were conducted with 3730 cancer patients (82% response rate) and 533 population referents (71% response rate). Over 82% of the interviews were conducted with the subjects, and proxies were interviewed for the rest. For the purpose of this analysis, we selected 857 cases of lung cancer and two groups of referents, 533 population referents and a subset of 1349 cases of other cancers (cancer referents). We created a third group of controls, by merging the 533 population referents and a random sample of 533 cancer referents, including cases of cancers of the colon and rectum (110), bladder (78), prostate (64), stomach (59) and kidney (40) and also non-Hodgkin's lymphoma (47). We used this third group of referents for most of the analyses. The histological types of lung cancer were squamous cell carcinoma (359), adenocarcinoma (167), small-cell carcinoma (159), and other and unknown (172).
The questionnaire included a section on life-style factors and a semi-structured section designed to obtain a detailed description of each job the subject had held in his work experience. For each job, the subject was asked about the company, its products, the nature of the worksite, his main and subsidiary tasks, and additional information about possible exposures (eg, use of protective devices, equipment maintenance). Interviewers were trained and monitored for the occupational interview. For some occupations, supplementary questionnaires were developed to assist the interviewers with detailed technical probing (12) .
A team of industrial hygienists examined each questionnaire and translated each job into a list of potential exposures to 293 agents, including all titanium compounds, titanium dioxide (as dust or mist) and titanium dioxide fumes. The industrial hygienists used different sources for their assessment, including books, journal articles, consultants with familiarity with industries in the Montreal area, as well as the interviews themselves.
The coding consisted of noting, for each agent thought to be present in each job, the duration of exposure and three other dimensions of information, each on the following three-category scale: (i) degree of confidence that the exposure had actually occurred (possible, probable, definite), (i) frequency of exposure expressed as the percentage of normal worktime (<5%, 5-30%, >30%), and (iii) the concentration level (low, medium, high). Although it was not possible to attribute quantitative values to the exposure levels, we believe that we were able to ascribe a range of values to each of the three concentration categories. Namely, a low concentration of titanium dioxide corresponded to conditions experienced by arc welders or painters using rollers (as opposed to spray painters) and therefore corre-sponded roughly to titanium dioxide concentrations ranging from 0.05 to 1 mg/m 3 . A medium concentration, such as that which would be experienced by spray painters, corresponded roughly to between 1 and 10 mg/m 3 . Finally, a high concentration, which was attributed to poorly protected workers involved in grinding or bagging titanium dioxide pigment, was thought to correspond to exposures over 10 mg/m 3 . As already indicated, an exposure assessment was carried out in the 1980s that addressed 293 substances, including titanium dioxide. For our purposes in the present study, we have reviewed the entire database and focused on titanium dioxide while incorporating recent industrial hygiene data. This procedure has resulted in several changes in the ascribed exposure status.
Within the framework of the expanded exposure assessment, we considered the following three main circumstances of exposure to titanium dioxide and titanium compounds: (i) titanium dioxide production, (ii) the manufacture and use of titanium-dioxide-containing products, mainly paints, and (iii) metal arc welding.
Titanium dioxide is produced from illmenite ore or from titanium slag; Canadian plants use slag exclusively. In the province of Quebec, one plant has produced titanium slag, and two plants have produced the pigment using the sulfate process. Since titanium slag contains a maximum of 85% titanium dioxide, exposure to the slag was considered in our study as exposure to titanium compounds rather than as exposure to titanium dioxide (this assessment concerned five subjects).
One would expect workers involved in the milling and grinding operations in titanium dioxide production to be the most highly exposed. There is, however, a paucity of data regarding the exposure of these workers to titanium dioxide. In one study, the authors classified jobs in the manufacture of titanium dioxide using the sulfate on a 3-point scale (8) . Workers involved in dry milling, digestion, dry calcination, grinding, and packaging were considered exposed at the highest level. In an evaluation of chemical exposure in the manufacturing of titanium dioxide by the sulfate process in three different plants, Hery and his colleagues reported that the highest levels were found in the grinding of the ore and the finished product and in the packaging areas (5) . Under normal circumstances, the average measured dust concentrations (respirable fraction, 8-hour personal samples) were between 0.47 and 6.48 mg/m 3 in these areas, but concentrations ranging up to 330 (average 40) mg/m 3 were measured in the bagging area of one of the plants.
About one-half of the pigment used in the United States goes into surface coatings; other major consumers are paper manufacturers and the plastic and ceramic industries. Given its widespread use as a pigment in paints, it is not surprising that, in our study, more than half of the subjects exposed to titanium dioxide worked as painters.
A case report of pulmonary alveolar proteinosis for a professional painter suggested that spray painting in closed spaces, while not wearing a protective mask, leads to the inhalation of high concentrations of titanium (8) . The patient, a painter with 25 years of experience, had unusually large amounts of titanium dioxide in his lungs (60 to 129 million particles per cm 3 ). In one study of continuous painting operations in a paint booth, paint mist concentrations could generally be controlled below 5 mg/m 3 except when internal cavities were sprayed (6) . In intermittent nonconveyorized processes, paint mist concentrations ranging from 2 to 320 mg/m 3 were reported. With proper ventilation, concentrations could be kept below 10 mg/m 3 for these operations except in relatively enclosed spaces (vehicle interiors).
In our study, of the eight jobs classified as highly exposed to titanium dioxide, one involved grinding of the pigments. In the other seven jobs, the workers were involved in the mixing of raw materials in the manufacture of paints or plastic products (floor tiles). Although we have no documentation for support, we believe that it is reasonable to assume that the titanium dioxide levels are as high in these mixing operations as they are in the grinding and bagging areas of the pigment manufacturing facilities.
Finally, several subjects were classified as exposed to titanium dioxide fumes because of the rutile coating on the rods used in shielded metal arc welding to stabilize the arc and to add alloying metal. According to Burgess (9), when rutile electrodes are used, from 3% to 4.6% of the total welding fume consists of titanium dioxide. Given that total welding fume in shielded metalarc welding varies from 1 to 25 mg/m 3 , depending on the efficiency of the ventilation and the degree of enclosure, titanium dioxide fumes can vary from 0.03 to 1.15 mg/m 3 . All steps of the exposure assessment were conducted blindly as to the case-referent status of the exposed persons. For the statistical analyses, only subjects with probable or definite exposure for at least 5 years before the interview were classified as exposed, while subjects with possible exposure (3 cases and 1 referent, combined group) were excluded from all the analyses. Furthermore, exposure was classified as "substantial" if it lasted for more than 5 years at a medium or high frequency and level; otherwise the exposure was considered "nonsubstantial".
As measures of relative risk, odds ratios and their 95% confidence intervals (95% CI) were computed from unconditional logistic regression models fit by the maximum likelihood method (13) . The following variables were included in all the regression models as potential a Three cases and one referent, either classified as exposed with low confidence or as exposed only during the last 5 years, were excluded from the analysis. b Substantial exposure: medium or high level and frequency > 5% for at least 5 years, occurring at least 5 years before the interview. The income of the cases was slightly lower than that of the referents. As expected, the cases smoked more than the referents. Exposure to asbestos and benzo(a)pyrene was slightly more prevalent among the cases than the referents. Altogether 33 cases (3.9%) and 43 referents (4.0%, pooled set) were classified as ever exposed to titanium dioxide. The odds ratio for ever exposure was 0.9 (95% CI 0.5-1.5) (table 2). The frequency of exposure was 5% or more for most of the exposed subjects; the level of exposure, on the other hand, was assessed as low for most of the exposed cases and referents (table 2) . No clear trend was apparent for either exposure dimension or duration of exposure. We found no evidence of a confounding effect of smoking or exposure to benzo(a)pyrene and asbestos, the odds ratios for substantial exposure to titanium dioxide being 1.1 (crude) and 1.0 (adjusted for age, income, ethnicity and respondent status), as compared with 1.0 (table 2, fully adjusted).
The preceding results were based on the pooling of equal numbers of cancer referents and population referents. We also carried out separate analyses with each reference group. The odds ratio for ever exposure was 0.9 (95% CI 0.5-1.7) with the population referents and 0.9 (95% CI 0.5-1.6) with the cancer referents. For substantial exposure, the corresponding estimates were 0.9 (95% CI 0.3-2.9) and 1.1 (95% CI 0.3-4.5). These results indicate that there was no statistical contraindication to pooling the referents. We therefore placed the greatest confidence in the results obtained using pooled referents.
The analysis by histological type resulted in similar odds ratios for ever exposure to titanium dioxide for squamous cell carcinoma (OR 1.1, 95% CI 0.6-2.0, 16 exposed cases) and small-cell carcinoma (OR 0.9, 95% CI 0.4-2.4, 6 cases). The OR for adenocarcinoma was reduced (OR 0.6, 95% CI 0.2-1.8, 5 cases). Exposure to titanium dioxide fumes was reported for five cases and one referent (pooled set OR 9.1, 95% CI 0.7-118). The single referent exposed to titanium dioxide fumes was also exposed to titanium dioxide dust, while the five cases exposed to fumes were not classified as exposed to titanium dioxide dust. All the six subjects, except one case, were also exposed to chromium and nickel. Exposure to benzo(a)pyrene was reported for three cases and one referent, and exposure to asbestos was apparent for two cases and one referent. Five cases and four referents were classified as exposed to titanium compounds other than dioxide (OR 1.8, 95% CI 0.5-7.3), all but one case being classified as exposed at a nonsubstantial level.
Discussion
Our results do not provide clear evidence of an increase in lung cancer risk among workers exposed to titanium dioxide. The apparent increase in the odds ratio for exposure to titanium dioxide fumes was based on results for six exposed subjects who were also exposed to other carcinogens. Despite the lack of statistical significance, the finding merits attention in future studies.
Exposure misclassification might have resulted in an underestimate of increased risk. We addressed this potential problem by stratifying the exposed workers according to the estimated frequency and level of exposure. Although the number of exposed workers in some of the categories was small, there was no indication of an increased risk in the groups with the highest exposure.
Another approach to assessing the likelihood and extent of exposure misclassification is to consider the odds ratio for exposure to known carcinogens. The odds ratio for substantial exposure to benzo(a)pyrene (adjusted in a fashion similar to those presented in table 2) was 1.3 (95% CI 0.8-2.1); that for substantial exposure to asbestos was 1.9 (95% CI 1.0-3.6). This study was therefore able to detect an increased odds ratio for lung cancer following exposure to established carcinogens.
Confounding from other occupational exposures and from extra occupational factors is a concern in population-based studies of lung cancer. We were able to address this problem by including different potential confounders in the regression models. Given the general pattern of null results, however, it is negative confounding which should be of concern (ie, subjects unexposed to titanium dioxide being more likely to be exposed to lung carcinogens), and this is an unlikely event.
Our study had limited power to detect a positive association between exposure to titanium dioxide and lung cancer risk. Given the number of study subjects and a prevalence of ever exposure of 4% among the referents, the study had a power of 86% to detect an odds ratio of 2 as statistically significant (alpha = 0.05) and a power of 65% for an odds ratio of 1.5.
The evidence for the experimental carcinogenicity of titanium dioxide is based on experiments by inhalation among rats (14) (15) (16) (17) , the results showing an increased incidence of lung adenomas and of cystic keratinizing lesions diagnosed as squamous-cell carcinomas in animals in high-dose groups. Oral, subcutaneous, intratracheal, and intraperitoneal administration did not produce a significant increase in the frequency of any type of tumor in any rodent species (18) (19) (20) (21) (22) . However, for hamsters, the combined intratracheal administration of titanium dioxide and benzo(a)pyrene resulted in an increase in the incidence of benign and malignant tumors of the larynx, trachea, and lungs over that in benzo(a)pyrene-treated referents (18) .
These experimental results have raised concern about a possible carcinogenic effect on the lung of humans exposed to titanium dioxide. However, the available data on health effects in humans are sparse.
In a cross-sectional study of 209 titanium metal production workers, including 78 workers who were involved in the reduction process and exposed to titanium tetrachloride vapor, titanium oxychloride and titanium dioxide particles, reductions in lung function (forced expiratory volume in 1 minute) were found (23) . This finding could be due to exposure to titanium tetrachloride, which reacts violently with water to liberate heat and produce hydrochloric acid, titanium oxychloride, and titanium dioxide. Pleural disease with plaques and pleural thickening was observed in 36 workers, including eight reduction process workers. Some cases were probably caused by prior exposure to asbestos; however, among workers not known to have been exposed to asbestos, the relative risk for pleural disease after more than 10 years of employment was 3.8.
In the only available mortality study, Chen & Fayerweather (24) studied mortality among 1576 male employees who had been exposed to titanium dioxide for more than 1 year in two plants in the United States. Information on deaths among active and pensioned employees was obtained from the company mortality register. The observed numbers of deaths were compared with rates for the United States. Mortality from all cancers was lower than expected, nine deaths from lung cancer being observed, with 17.3 expected (standardized mortality ratio 0.52, 95% CI 0.24-0.99). In a casereferent study nested in this cohort and a further 969 workers from the same plant, with exposure to titanium tetrachloride, no increased risk of lung cancer was found with estimated exposure to either titanium dioxide or titanium tetrachloride (25) .
Most of the workers classified as exposed to titanium dioxide in our study were painters and motor vehicle mechanics and repairers who were engaged in painting activities. Those classified as highly exposed were mainly involved in the mixing of raw materials in the manufacture of paints or plastic products containing titanium dioxide. Although exposure data are lacking, it is reasonable to assume that exposure levels in these mixing occupations are as high as those encountered in the grinding and bagging areas of titanium dioxide manufacturing plants. Our results are therefore comparable with those of studies of production workers.
The present analysis did not confirm our previous results of a possible increase in lung cancer risk among subjects with high exposure to titanium dioxide (11) . This discrepancy is mainly due to improved exposure assessment, although it may also be partially attributable to the use of a different, and we think preferable, reference group.
We conclude that occupational exposure to titanium dioxide is probably not associated with a substantial increase in lung cancer risk. Our results, however, are compatible with a modest increase in risk. Furthermore, a low exposure prevalence and the misclassification of exposure may have contributed to false positive results.
